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Abstract
The project focusses on the integration of energy saving technologies in the early design stage of ships, using advanced 
simulation models to be developed for the energy grid of the ship. The optimum combination of energy consumers incl. energy 
recovery systems is expected to significantly improve the vessels overall energy efficiency. The challenge will be to harmonize
the modelling approach from technology providers in a way that component models can be used appropriately for energy 
modelling on ship level.
The results of the simulation of the ship concepts as developed in the 11 application cases will be used for a screening life cycle 
assessment, using the “well to propeller” concept to properly address the use of alternative fuels. A LCPA (Life Cycle 
Performance Assessment)-Tool allows for the comparison of different technical solutions taking into account environmental and 
economic parameters. A suitable way of representing the external costs of air emissions will be integrated in order to be able to 
fully compare new technical solutions with existing state of the art technologies in ship designs for provision of political 
recommendations.
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1. Introduction
Reducing emissions from shipping has increasingly become a challenge over the last years, both as a counter 
measure against global climate change and to protect local environments and population from waste, exhaust gas 
emissions and noise. 
This challenge has been documented both in policy papers, like the EU-2020 Energy Strategy of the EU 
Commission (2010), the EU-Commissions (2011) Transport White Paper and in rules and regulations issued by 
IMO as well as by regional or local authorities. Those legislations as well as national emission taxes and an 
increasing public awareness on green shipping have led to the fact, that low emission ships and shipping has become 
a key competitive factor both for European shipbuilders (including equipment manufacturers and shipyards) and 
shipping companies.
While maritime transport is one of the most environmentally friendly means of transport in terms of GHG-
emissions per ton and km basis, the image of maritime transport currently suffers from the high emissions per 
installed power and the high emission potential of the fuels burnt in internal combustion engines. The project 
JOULES (Joint Operation for Ultra Low Emission Shipping) aims to improve this image. A consortium consisting 
of thirty-eight partners from the industrial and scientific community have come together in the JOULES project to 
develop a methodology that will allow to significantly reduce exhaust emissions from (European built) ships, 
including CO2, SOx, NOx and particulate matters.
The JOULES-project will focus on the integration of energy saving technologies in the early design stage as well 
as on detailed dynamic simulation studies, necessary to optimize hybrid propulsion systems with energy storage and 
buffering, using advanced simulation models to be developed for the energy grid of the ship. The energy grid, 
consisting of energy sources, converters and consumers aboard a ship will be optimized to achieve the most energy 
efficient solution. This is a novel approach compared to the component focussed optimization which is prevailing in 
the maritime industry up to today. Technology providers, modelling experts and yard partners will work closely 
together to produce in total 11 application cases in 5 application areas (Ferry, Cruise Ships, Work Boats, Offshore 
Vessels and Cargo Vessels). The aim is to achieve not only an emission reduction for CO2 as stipulated in a short 
term 2025 scenario (appr. 23% in average for all application cases) and future 2050 scenario (appr. 50% in average 
for all application cases) but to reduce other air emissions like SOx, NOx and PM as far as practicable at the same 
time. The environmental and societal effects of the latter emissions are of a more local and regional type and directly 
influence public health and welfare. This makes them of high priority since ships built by the European ship 
building industry often operate close to the shore and sometimes in densely populated areas such as ports.
Fig. 1. General Approach for energy grid simulation and subsequent LCP-Assessment.
The results of the simulations of the ship concepts as developed in the application cases will be used for an 
assessment of KPIs like Net Present Value (NPV), Cumulated Energy Demand (CED), Global Warming Potential 
(GWP), Acidification Potential (AP), Eutrophication Potential (EP) and PM 10 for the life cycle performance, using 
the LCPA (Life Cycle Performance Assessment)-Tool as developed in the previous BESST-project. This tool allows 
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for the comparison of different technical solutions, taking into account various financial input parameters like fuel 
costs, investment costs, discount rate etc. Within the JOULES-project, the LCPA-Tool needs to be enhanced in 
order to be able to use the results from the simulations of the energy grids. Furthermore, the “well to propeller” 
concept will be applied in the LCP-Assessment especially when using alternative fuels. A suitable way of 
representing the external costs of air emissions (as e.g. reported in the EU-project NEEDS by Preiss et. al. (2008)
will be integrated in order to be able to fully compare new technical solutions with existing state of the art 
technologies.
Nomenclature
AP Acidification Potential 
BESST Break Through in European Ship and Shipbuilding Technology
CED Cumulative Energy Demand
dll Dynamic Link Library
EC European Commission
ECAS Emission Controlled Area
EEDI Energy Efficiency Design Index
EP Eutrophication Potential
EU European Union
FMI Functional Mock-up Interface
FMU Functional Mock-up Unit
GHG Green House Gas
GWP Global Warming Potential
ICE Internal Combustion Engine
IEA International Energy Agency
IPR Intellectual Property Right
IMO International Maritime Organisation
JOULESJoint Operation for Ultra Low Emission Shipping
LCA Life Cycle Assessment
LCPA Life Cycle Performance Assessment
LNG Liquified Natural Gas
NPV Net Present Value
PM Particulate Matter
SCR Selective Catalytic Reactor
2. General project structure
2.1. The application cases
In total 11 application cases have been defined to demonstrate the savings resulting from an advanced modelling 
and simulation of the energy grid. Figure 2 gives an overview of all application cases, clustered in the five 
application areas.
The objectives for each application case are the design of two future ship concepts (2025 and 2050 concept) and 
to assess the overall energy use of both advanced concepts against a reference (state of the art) design. The overall 
energy efficiency shall be reduced as stipulated in the following figure 3 applying the simulation of the energy grid:
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Fig. 2. Application Cases in JOULES Project.
Fig. 3. Reduction targets for reduction of GHG emissions.
2.2. The technology providers
The objective for the technology providers is the development and provision of simulation component models as 
required by the application cases. The focus is not the invention of new technology rather than to provide 
component models for later integration in a ship´s energy grid. However some obstacles occur in this process due to 
use of partly different simulation tools or proposed granularity of the models. The big challenge in the project is to 
convey the needs for the integration in a way that technology providers are able to produce such models as required. 
Fig. 4. Technology Areas in JOULES Project.
Beside partners as reflected in figure 4, a couple of other partners are on board to create and support models for 
highly specialized technology (like fuel cells, energy storage devices, HVAC-system etc.) in order to be able to 
cover the full scope of models required. Academia and engineering experts as well as classification societies 
complement the consortium for management purposes as well as component model verification resp. validation.
Application Cases
Application Area:
Ferry 
Application Area:
Cruise 
Application Area:
Work Boat
Application Area:
Offshore 
Application Area:
Cargo Vessel
RoPax
Urban Ferry
Ocean Cruiser
River Cruiser
Tug
Dredger
OPV
OSV
Arctic Cargo
Wind Assisted 
Mega Yacht
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2.3. Communication via JOULES pipeline 
The central element for “communication” is the component database as developed by the JOULES consortium. 
The web-based database allows for uploading and storage of new component models in order to be processed in the 
next steps through the JOULES-pipeline. The main process within the component database is 
a verification / validation process carried out by simulation experts. The models to be uploaded must fulfil certain 
formal requirements as follows:
x Compliance with agreed I/O matrix
x Uploaded as FMU according FMI (2015)-standard and JOULES agreements
x Proper Documentation
x Containing LCPA-data (for later use in LCPA Tool)
Fig. 5. JOULES Pipeline.
Although the process was somehow slow in the beginning, the component database has been regarded as 
a valuable tool and is under steady development for further improvement.
3. Main elements of technical approach
3.1. Challenges in Early Design Stage
In the projecting stage of a new ship until contract signing, all relevant decisions regarding use of materials, 
selection of fuel type and energy efficiency of components are made. The ship´s building specification as part of the 
contract describes these issues in detail and is thus forming the basis also for the ship´s price.
Thus, all relevant issues need to be discussed in early design stage and any assessment for comparison of 
different design options needs to be done in this stage. Although items may be changed after contract signing, the 
incurred costs for these changes will be high and most likely will not affect the principle ship´s parameters but 
smaller design details. Figure 6 illustrates this situation.
Fig. 6. Challenge in early design phase.
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On the other hand, projecting a ship is a complex process involving already information from many stakeholders 
in the early design stage, basically from the owner, sub-suppliers, regulators, financial investors etc. This holds for 
environmental as well as for technical (simulation) and for economic issues. In this respect, information might be 
difficult to achieve, not finally binding or time constraints is a typical problem to overcome.
3.2. Energy Grid Simulation
The challenge during this early stage of the project is to bring the different requirements coming from the 
application cases as much as necessary in line. Since the 11 application cases represent very different types of ships, 
the requests to the simulation also vary. There are ships that have long periods operating in one operation point with 
constant energy consumption (e.g. Ro-Ro Passenger Ferry, Cruise ship). But there are also ships which have a very 
dynamic energy demand (e.g. Dredger, Tugs). For the first mentioned type of ships, a calculation of static operating 
points seems to be sufficient to evaluate the energy efficiency and applicability of a chosen system configuration. 
For the second, a dynamic simulation of the operation profile is absolutely necessary. All in all, it became obvious at 
the beginning of project that different application purposes and service profiles result in very different requirements 
regarding the modelling and simulation architecture of the energy grid. As a result, two different approaches were 
developed. The main goal was to create an input/output (I/O) definition for component models which suits the 
demand of both modelling approaches and the different simulation software used. However, another challenge was 
to define the granularity of the models by the technology providers.
The FMI-standard is used to exchange component models. Component models as developed by the technology 
providers are converted to FMUs (in most cases as dll. to ensure IPR integrity of the model providers) using the FMI 
standard. Before the simulation models can be used in the ships energy grid, they have been stored in the web-based 
component database and undergone a verification and validation procedure.
3.3. Future trends from design studies
As a result from the concept design studies by the 11 application cases, a cautious foresight into the crystal ball of 
future technology uptake could be taken. The concept studies have considered the reduction targets as outlined in 
figure 3 and consequently, the following assumptions can be made:
By 2025, the optimisation of the energy grid will be in focus to achieve the reduction target as outlined. 
Conventional fossil fuel incl. LNG will be the main energy carrier and Methanol may play a marginal role. 
Recovery of energy from exhaust gas and cooling water systems will play in important role to reduce energy 
consumption and thus CO2-emissions. To reduce harmful emissions (SOx, NOx and PM) from the burning of fossil 
fuels in internal combustion engines, the uptake of abatement technologies as “end of the pipe solutions” like 
scrubbers, SCR and particulate filters (for high speed diesel engines only) has been identified as an interim solution. 
In some particular cases, the present trend towards hybridisation can be confirmed to be a suitable solution to reduce 
the energy demand and thus GHG-emissions.
By 2050, for ship types as addressed in JOULES (apart from “pure“ ocean going cargo vessels like container 
vessels, tankers, bulkers etc.) with distinct operating schedules e.g. in ECAS, arctic areas or inland waterways etc., 
the following trends can be identified in order to fulfil the challenging CO2 -reduction targets:
Energy will be a scarce and very valuable resource in the longer future (even at declining fossil energy carriers 
and emerging renewable energy from wind, solar or even 2nd generation bio-fuels) and thus, energy grid 
optimisation incl. recovery of energy will sustain to be a future challenge. However, in order to be able to tackle the 
CO2-reduction target, it is expected that a remarkable amount of renewable energy carrier of high volumetric energy 
density to match the demand in maritime industry must be available in the long run. Hybridisation will become
a central issue as well as a transition from internal combustion engines to e. g. fuel cells or even full electric vessels. 
In parallel, as fossil fuels will be either more clean based on regulatory issues or substitution by inherently clean 
renewable energy carriers takes place, the need for end of the pipe solution will more or less disappear in the 2050 
scenario.
It has to be pointed out again that a. m. future trends are dedicated to the application cases as investigated in the 
JOULES-project. The most critical influence parameters for these future trends are seen to be the price development 
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of fuels (mainly connected to the availability but also technology development for alternative fuels), the adaptation 
of the infrastructure for alternative fuels and possibly increased pressure from legislation.
3.4. Screening LCA-Methodology
Due to the complexity of a whole ship with thousands of individual components, a detailed LCA is far too much 
work and impossible to carry out at the early design stage. Thus the screening-LCA methodology as developed in 
the JOULES-project has to deal with these restrictions. The screening-LCA follows the general approach as defined 
in ISO 14040 (see figure 7) but uses a limited amount of indicators.
Fig. 7. Stages of an LCA study acc. ISO 14040.
The objective of the screening-LCA is to support a comprehensive decision making process for design 
alternatives in the early design stage with respect to the environmental impact of ships. This holistic approach 
includes not only the operation phase of the vessel but also takes into consideration the production of fuels, 
dedicated materials used in ship production and energy consumption incl. related emissions on the shipyard. The 
following environmental impact categories have been chosen after an intensive interdisciplinary discussion among 
partners: 
x The impact on climate change is represented by the global warming potential (GWP). 
x The environmental impact from construction, operating and recycling of different ship designs will be evaluated 
using the acidification potential (AP), the eutrophication potential (EP) and the release of particulate matter 
(PM 10).
x The use of resources will be attributed using the cumulative energy demand (CED) as key performance indicator. 
This applies for the well to tank approach for fuels, the use of relevant materials for production and energy 
consumption on the shipyard for building and for operating of the ship. This approach ensures that all energy 
consumption (including their related GHG-emissions) related for production of the fuels, relevant materials and 
on shipyard is considered.
To increase the transparency of the cumulated energy demand, a split of fossil energy resources and renewable 
energy resource is implemented in the screening LCA-approach. In case of renewable bio-mass as feedstock for 
production of energy carriers, the land use as a resource is of significant influence and will be displayed as [ha/MJ 
of final fuel produced]. Although nearly each type of future fuels from renewable energy sources might be 
technically feasible in the future, only a few of them have been considered in the application cases and for those 
fuels with expected close to market production practises, emission factors and CED-data have been retrieved. Care 
should be taken that these data are achieved using a methodology in line with upcoming revision of EU-
Commissions (2009) Directive 2009/28/EC on renewable fuels.
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3.5. LCPA-Tool
In order to be able to assess the benefits from modelling of the energy grid, the LCPA tool as developed in the 
previous BESST-Project is being enhanced. The tool can be used as “stand-alone version” but also results from the 
energy grid simulation can be further processed within the LCPA-Tool.
Beside the environmental issues as discussed in the chapter for the screening-LCA, the LCPA-tool is also capable 
to take care of all financial relevant information in order to compare different design alternatives. This includes fuel 
price projections for different scenarios, considering investment costs as well as any other cost for consumables, 
maintenance etc. Revenues might be considered, if there impact is relevant in comparing the different design 
alternatives. Future prices will be discounted in order to compare the alternative designs on the Net Present Value 
(NPV) concept.
The LCPA-Tool also allows for applying external costs to emissions as released during operation of the vessel.
In summary, the LCPA-tool allows for a holistic comparison of economic and ecological (environment and 
resources) impact and thus can guide users to analyse the sustainability value of the future design concepts.
Fig. 8. Architecture of LCPA-Tool linked with simulation.
The workflow incl. the link between the simulation and LCPA-Tool, which is represented schematically in 
Figure 8, is described in brief as follows:
The individual component models for simulation will be established by the technology providers based on 
JOULES internal standards for technical content of simulation models and I/O definition in particular, the needed 
accuracy and data transfer via FMI-standard. The use of the FMI-standard facilitates the use of different simulation 
software tools for energy grid simulation by the application cases. All component models are stored in a web-based 
component database for easy access through different simulation tools like MATLAB-Simulink, Dymola, Apros, 
SimulationX or excel based application as used for simulation of the ships energy grid.
A LCA-database will contain all necessary information in order to feed the LCPA-Tool with emission factors for 
the emissions related to the extraction of materials, to produce fuel or for the use of energy on the shipyard. The fuel 
table within the component database ensures that the energy grid simulation and LCPA-assessment will be 
performed using identical information.
Last but not least, the information on fuel consumption, emissions and use of consumables for after treatment 
systems as result from simulation runs will be linked from the simulation tools to the LCPA-Tool.
Investigations so far are providing first indications that there is a significant trade-off between GHG-reduction 
potential for renewable energy carriers and the energy demand to produce these energy carriers (renewable fuels, 
batteries) from renewable energy sources.
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Fig. 9. Trade-offs for future design concepts (zero emission ship example Ro-Pax Ferry).
3.6. Way to political recommendations
Emissions from shipping result in harmful emissions like SOx, NOx and PM as well as climate gases 
contributing to the Global Warming. Currently the costs for the effects on health and loss of welfare of these 
emissions, especially if a vessel is operated near coastal areas, is used to be covered by the society. Several EU-
funded projects or programs (e.g. ExterneE (2015), CAFÉ (2015), NEEDS) related to the external costs of emissions 
have been conducted and since 2008, the EU commission (2010 b) is discussing the way of internalising such 
external costs. Beside, subsidies are granted because generally the energy of transport fuels in shipping and aviation 
is exempted from taxes.
However, internalising of external costs is only one possible approach to conduct an impact assessment within 
the screening LCA-approach. The methodology of the “distance to target” approach allows for another judgement of 
the impact of emissions on society. In this case, e.g. the targets from the Gothenburg Protocol (1999) (updated table 
of annex 2 from 2012) might be used to assess the distance of emission levels from these targets.
Within the JOULES-project, an example for the judgement for both approaches for the Ro-Pax ferry segment has 
been conducted and the results are promising to be used in political recommendations by the JOULES-project.
Fig. 10. Comparison of External Costs and Distance-to-Target approach (Example Ro-Pax Ferry, 25 years life cycle).
In the short run (2025), NOx-emission to Tier III level by SCR (instead of Tier II in the baseline vessel) pays off 
from a societal point of view, whereas the 2050 design as zero emission design is close to perfect from an 
environmental and societal point of view. However, as mentioned under 3.5, corresponding trade-offs have to be 
considered.
In addition to a. m. methodologies, several other policy instruments are well known and partly discussed between 
policy makers and maritime industry, namely within the IMO and between EC and stakeholders. These instruments 
e.g. may include:
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x Command and control measures for emission reduction of SOx, NOx, GHG (like sulfur and NOx limit values in 
ECAS, EEDI) and possibly PM in the future.
x Bunker levy on fuels causing emissions during combustion
x Emission trading system as marked based instrument for greenhouse gas emissions
x Provide subsidies for uptake of clean fuel including infrastructure
x Provide subsidies for end of the pipe solutions for reduction of harmful emissions
x Reduce ineffective subsidies for fossil energy carriers (e. g. IEA (2015), page 3)
x Increase R&D Efforts for development of new technologies
These possible instruments will be further applied in a cross impact analysis in order to investigate the impact of 
such measures on 4 dedicated future scenarios on some of the application cases. A cautious approach needs to be 
taken in the beginning but projectable increase of political measures may help the maritime industry to implement 
the transition (uptake of new technologies and clean fuels from renewable energy) as expected from fulfilling the 
JOULES objectives. In best case, high economic growth at an increased regulatory and stakeholder impact might 
path the way to a more sustainable future of the maritime industry.
4. Conclusions
The JOULES-project offers sound possibilities to reduce the energy consumption and related GHG-emissions of 
complex ships built in Europe. The optimization is focused on real-life operation rather than a single design point 
condition as required by the EEDI. In particular the simulation of the energy grid is seen to be a valuable technique 
to integrate the complex interaction of different technologies in these types of ships. However, results must be 
available in early design stage to exploit the whole benefit of the approach. The screening-LCA methodology as 
applied on dedicated application cases will cover the cradle to grave concept and is expected to allow for phrasing of 
political recommendations at a later stage of the project to support the transition to low emission ships. A LCPA-
Tool allows for a holistic assessment of design alternatives and as such is an instrument for decision support in early 
design stage in order to decide for more sustainable design options. The formulation of political recommendation is 
expected as a result from evaluating the 11 application cases along the concept as outlined in this paper.
Acknowledgement
The work leading to this invention has received funding from the European Union Seventh Framework Programme 
(FP7/2007-2013) under grant agreement n°605190.
References
CAFÉ 2015. http://ec.europa.eu/environment/archives/cafe/general/keydocs.htm .
EU-Commission, 2010 a. Energy 2020 A strategy for competitive, sustainable and secure energy, COM/2010/0639, 2010.
EU-Commission, 2011. Roadmap to a Single European Transport Area - Towards a competitive and resource efficient transport system’, 
COM/2011/144 final, 2011.
EU Commission, 2009. On the promotion of the use of energy from renewable sources and amending and subsequently repealing Directives 
2001/77/EC and 2003/30/EC’, Directive 2009/28/EC, 2009.
EU Commission, 2010 b. Strategy for the internalisation of external costs, COM/2080/435, 2010.
ExterneE, 2015. External Costs of Energy, http://www.externe.info/externe_d7, 2015-07-02
FMI, 2015. Functional Mock-up Interface, https://www.fmi-standard.org, 2015-07-02
Gothenburg Protocol, 1999. Protocol to the 1979 Convention on long-range transboundary air pollution to abate acidification, eutrophication and 
ground-level ozone, 30.November 1999 with entry into force 17. May 2005.
https://www.itri.co.uk/index.php?option=com_mtree&task=viewlink&link_id=49534, 2015-07-02.
IEA, 2015. Energy and Climate Change, special report 2015, https://www.iea.org/publications/freepublications/publication/weo-2015-special-
report-energy-climate-change.html, 2015-07-02
Preiss P., Friedrich R., Klotz V., 2008. NEEDS Deliverable 1.1 - RS 3a Report on the procedure and data to generate aggregated/average data,
University of Stuttgart TFU , 2008.
